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Abstract

Pretreated (anodized ) Pt and Au electrode surfaces derivatized with

(l ,1 1 -ferrocenediy l)dichlorosi lane have been analyzed by X-ray

photoelectron spectroscopy (XPES). The derlvattzed surfaces exhibit Fe

bands with binding energies consistent with ferrocene iron and with large

companion satellite peaks. Using a l ayer model , rela ti ve Fe 2p
31,2 and

electrode substrate intensities (Au or Pt) can be correlated with ferrocene

coverage measured by cyclic voltammetry . The results indicate that electro-

chemical charge transfer can occur through ferrocene/silane l ayers of

( thicknesses exceeding 100 A. XPES data indicate that the attached electro-

active material contains less than the expected 1:1 ratio of Fe:Si ,

indi cating some ferrocene degradation in the attachment procedure. These

surface analyses accord well with elemental analyses of hydrolyzed material

resulting from reaction of H20 with (1 ,l ’ -ferrocenediy l)dichlorosilane

which also shows less than a 1:1 Fe:Si ratio.
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Our laboratories have recently described the attachment of organosilane

reagents to the surfaces of oxidized platinum electrodes 1 and the electro-

chemistry of surfaces which result from reaction of (l,l’ -ferrocenediyl)-

dichiorosilane , I, with oxidized Pt and Au electrodes.2’3 Appropriately

pretreated Au and Pt electrodes derivatized with I exhibit cyclic voltametric

waves at a potential which is within 100 mV of the formal potential for the

4’ ferricenium/ferrocene couple. These waves have properties expected4 of an

electroactive moiety persistently attached to the electrode surface in both

oxidized and reduced forms. The waves are quite persistent to repeated

cyclical oxidation-reduction , and the charge under the waves corresponds to

quite large and variable (from electrode to electrode) coverage (I’ = 4-280 x

10-10 mole/cm2) of the electrode surface by electroactive ferrocene. Cover-

ages of these magnitudes require an interpretation involving a multilayer

arrangement of ferrocene; e.g., it is probable that oligomerization of 
~

occurs coincident with the electrode attachment reaction . The ability of

such multilayered structures to undergo chemically reversible and , on certai n

electrodes, nearly electrochemi cally reversib le (t
~
Epeak ~ ~~ my) reactions makes

further study of these electrode materials of interest. In particular , the

surface structural heterogeniety, implied by the vari ability in broadness and

AEpeak of the cycl ic voltametric peaks, is a property of Interest which can be

studied by various surface sensitive physical methods. The present report

describes the appl ication of x-ray photoelectron spectroscopy (XPES) to a 

~~---- - - - -_ _ _ _ _ _ _ _
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series of oxidized Pt and Au electrodes which have been reacted wi th I.

The data serve to confirm the presence of the ferrocene moiety and establish

a rough , but positive , correlation between the quantity of ferrocene i ron

as detected electrochemically and by XPES.

EXPERIMENTAL

Preparation of electrodes and electrochemistry .

The ferrocene derivative I was that used in previous studies.2’3

Three sets of derivatized surfaces (two Pt and one Au) have been studied.

Gold or platinum foil (0.01mm thick) was used to prepare an electrode

such that both sides of i.6 x 40mm of surface was exposed. After cleaning

the electrode In concentrated HNO3 a 6 x 6mm section (appropriate to mounting

on the 0.25” XPES probe) was cut from the electrode as representative of

a “clean” surface. The electrode was then pretreated according to previously
2’3

established procedures and a second section (6 x 6mm ) of the foil strip,

representative of the “pretreated surface”, was removed from the electrode.

The remaining portion of the foi l electrode was derivatized with j~ as

described previously. The electrode was then characterized by cyclic

vol taninetry in O.l~[n-Bu 4N]ClO4/CH 3CN. A PAR 173 / 175 instrument with

a Houston X-Y recorder was used. The reference electrode was an aqueous SCE .

Three 6 x 6mm sections we re cut off the foil with a cyclic voltaninogram

before and after scission. In this manner the amount of electroactive

material on each severed section can be determined. The three severed

sections were washed thoroughly with CH3CN and dried . The electrode itself

~~~~~~~~~~ a , .
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was stored in air at 298°K until after XPES analyses were performe d as a
control to insure prolonged attachment of the electroactive material. Al l

samples for XPES analyses were shipped to Chapel Hill from Cantridge; two of the three
derivat ized sections were analyzed and one was returned to Cambridge for
analysis by cyc lic voltammetry to insure surface integri ty during the

transit. All control samples of deri vat ized surfaces exhibited essentially . 

-
the same cyclic voltammetric behavior (peak positions, wi dth , and integrated
area) before and after the round tri p to Chapel Hill. In some cases the

time period involved exceeded eight weeks.

Hydrolysis of I.

XPES of the solid obtained from reaction of I with 1420 represents a useful

Cqinparison for XPES of surfaces derivat ized with I. Hydrolysis was effected

either by exposing a 2 ml isooctane solution of -.50 mg of I to a tmospheric

moisture and shaking for 24 h at 298°K or by injecting 0.5 ml liquid H20

Into a 2 ml isooctane solution of -50 mg of I and shaking for 3 h at 298°K.

The solid material was collec ted by fi l tration and washed with Isooctane and

1420. The solid was then dried under vacuum. Three such sets of samples were

prepared; one set was analyzed by XPES and two sets were anal yzed by elemental

analysis by Gaibraith giving Fe/Si 0.34 (av); C/Fe = 26 (av).

X-Ray photoelectron spectroscopy,~

XPES spectra were obtained on a DuPont Model 650B Electron Spectrometer5

equipped with a microprocessor system6 whic h controls pre-progranmed spectral

acquisition and tape storage. A TV screen operator-controlled cursor allows

for baseline specification and automatic calculation of band (area)

intensities. While smoothing capabilities exist, spectra presented here have

not been smoothed. To minimize charg ing effects, electrodes were mounted on

the spectrometer probe using conducting Ag paint. Standard compounds were run

as powders on sticky tape wi th binding energies referenced to C is as 285.0 e.v.
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RESULTS AND DISCUSSION

Electrochemical properties of the Pt and Au electrodes derivatized with

I were simi lar to those discussed earlier. 2’3 Forma l potentials , peak

potential separations , and electroactive coverages are given in Table I.

Both coverage and general appearance of the cycli c voltammograms , Figures 1 and

2, indicate that the  trans-shipment arrangements were satisfactory to protect

the chemically modified surfaces.

A ll electrodes were examined at high resolution in XPES for Fe 2p312, N is ,

0 is , S i 2s , Pt and Au 4f1/2 7/2’ C is and Cl 2p. Survey scans detec0ed ‘10

extraneous peaks . The complete absence of Ci 2p demonstrates that the reactive

Si-Cl functiona lities of I react completely as expected from their hydro lytic

instai.ility.The N is background present on all derivatized electrodes was consistenti~

2-4 times l ower than on unreacted electrodes , consistent with pre-ein~ting of

electrode adsorption sites for nitrogencous contaminants. Binding energy and

intensity data are given in Tabl e I. Table II contains binding enerqy and

intensity data for some substituted ferrocenes for comparison. Exami nation ef

Fe 2p3,~2 binding energ ies in ferrocene standards reveals a modest sensitivity

to substituent. The electrodes to which I had been attached all exhibited

prominent Fe 2p312 spectra as illustrated in Figure 3, curves 1-3. On five of

the six electrodes examined , a Fe 2p312 peak was clearly visible at 707.9 +

0.1 ev. On two of the electrodes (A and B) this peak had the same shape as

ferrocenes such as l ,l’ -ferrocenedicarboxylic acid (Fi gure 3.  curves 3, 4).

The 707.9 e. V . binding energy correspond s quite wel l to that observed for

ferrocene In polymerized samples of !, Table II, which in turn lies within

a range of energies compatible with ferrocene i ron . This result confirm s

the expectation of the electrochemical behavior , that a ferrocene iron

moiety has been attach”ed to the surface of the Pt and Au elec trodes.
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A diffuse Fe 2p31,2 satellite band at 3 - 3.3 e.v. higher apparent binding

energy than the main peak appears , erratically (Figure 3, curves 1-3) in the

spectra of the surface attached ferrocenes. Electrode 0 showed mostly this

satellite; the 707.9 e.v. band was barely visib le. The satellite amplitude

exhibits no particular pattern with coverage , etc. The cyclic

voltammetr ic behavior of these mu ltilayer ferrocene electrodes suggests ,2

however, that the chemical environment of the attached ferrocene can vary

both within the polymer structure for a given electrode and from electrode

to electrode . The satellite was also distinct In one of the polymerlzed

samples of I (curve 6).

An extensive literature 7 exists on energy loss satel l i tes for transi-

tion metals Inc luding those of Fe 2p312 spectra . Energy loss satellites

of Fe 2p312 vary in intensity and spacing from the main peak , according to

the ligand in Fe complexes . The satellite is typically separated from the

ma in pea.’. by 4-5 e.v. Fe 2p312 energy loss effects normally, however , lead

to satellites of considerably l ower intensity than many of our spectra l

observations (e.g., curves 1 ,2,6 of Figure 3). While the observed

satellites might reveal unconinonly efficient energy loss processes , and vary

as a result of the structural variations within the multi layers as suggested

by the electrochemistry , we think a chemi cal state interpretation of’ the

satellites is more plausible.

XPES of a model ferricen i um sample (Table II) shows a moderately broad

2p3112 band at 709.5 ,e.v. On the other hand a mixed valence Fe(II), Fe(III)

bi ferrocene spectrum8 exhibits a sharp 707.7 band (Fc (II) plus an equal

intensity but quite diffus~ 711.1 e.v. band (Fe(III)). The latter has the

same appearance as the 711 e.v. band in Figure 6. Additional ly, ferrocene

deriva tives attached to carbon surfaces by three other completely different

chemistries9a.t~ also exhibit a broad 711 e.v. band , as well as the usual

708 e.v. ferrocene peak. In one case, we have shown that preliminary
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reductiv e tre~tt~.t ’nt ~14bstant ial h ci irnina tes the /11 e.v . band . F inal ly ,

hind in~ I to a high surface area , transparent substr ate 9’ ~~~~~~~~~ a b lue-q reen

(ferricen i um ) coloration of many specimens. These eviden~ec 1e~d us t o

Interpret the broad / Ii e . v . Fe .
~
p3 . ,  as a ferris en urn stat ’; e.g. • the’

e t ’ ~. trode preparation leaves a s ubstant ia l  f ract ion of t h e  ferrocenc ‘.ites

in  an oxidi :~d !tate .

An alternate interpretation invoking di fferent ial charging of

di t ferent ferrocenc mu] t l ayer req ions in the X PES expe r ime nt can h~ ru led out

since the Si 2s and ~.
) Is spectra exhibit no ana logous sa t e l l i t es .

The ef f  Ic  i e’ncv of photoelectron produ~ t ion from ferrocene and terr I ccii i urn

s it es  on el . t rodes ~oat ed ~~ i t h I should be the s~i~~c We have a~ erd i nq h j u t  e~ira t td t he

ent ire area of ‘at e l  Ii to p1 us ~a in peak  in the ci cc trode b~ntI~ as ill ustr~it t d In

Figure 3. This le 
~~~~ Intensity i s  ~iiven relativ e to  the substrate electrode

metal (Pt or A u) in Table I. The rat t o of in tens it i es  of iron and t~~t r a t e

electrod e var ies ~~st cma t ica i  I) ~ith e lec t r uche r u ic i l  i~ measured cove raqe , an

important result  to wh ich we wi M return.
• The 0 is XF ’~ S on the fer rocene— mu It I la~ er c i cc t roth’s was a s in~l e

somewha t broad ha nd ~,hese I ntensi t~~ re l a t i v e  to tha t of e lect  rode suh~ t ra

I S given in lahie I . The bindin ener of t h i s  band , 53.~.4 e. v. • is c u t  irel~
cons i s tent ~vi t h silicon-hound oxyqen10 in accord with espec tat ions of the i~~lt’

of bind I nsj and po 1 ~mer at ion of I on the elec t rode s~

XPLS of oxidi:cd but otherwise untreat ed Pt electrodes exh ibits ,

Figure 4 (curve 4), a 4f doub l et asyi~u1etri ca 1 ly t ai l inq on the hiqh hi ,idinq

energy side as t ~~~ ‘ i c i i  of Pt with a thin ox Ide 1 ay er .  In coinpar I son • t ho

“o xi dc’ c racter of the Pt spcctrum exhib i t ed by the te ~-rocenc inn I t ii a~ or

electrode , Figure 4 , c urve  ~~~, par t ia l l y  disappears upon reaction of the N

surface w i th  I . A similar and more dramatic effec t is observed for the •\u

electrodes. Figure 4 , curve 1 , shows the Au 41 spec t rum of the oxi di .:ed Au

electrode; the spect rum i is sim ilar to that previously observed 1’ on a

s im11ar i~ o’cidlied Au electrode. The measured 86...’ e .v .  Au 4(
7 

biuid iuts i

energy agrees wi th that (tits . ~ e . v . ) ohse rvLd earl icr and at t r I huted to a I ,i~cr

of Au 1O~ phase ox ide. iThe oxid e thickn ess is  e’t i r a t t d  v t ’r ~~~~o~~r te 1~

L
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at 15 A. Interestingly, upon reaction of the oxidized Au electrode with 
.~ .

,

these prominent oxide phase bands disappear , leav ing a Au 4f spectrum (curve 3)of
very nearly the same shape as that of an otherw i se untrea ted Au elec trode (curv e

2). The oxide is clearly removed in the silanization reaction med i um.

Apparently, the population of surface Au and Pt atoms involved in -M-0-Si-

bonding is insufficient ly large to be perceptible in the spectrum.

All electrodes exhibit a single , broad Si 2s band whose appearance

was similar from electrode to electrode (Figure 3). Intensities relative to

Fe 2p312 given in Table I are also simi lar from electrode to electrode.

Conversion of intensities to a stoichiometric Fe/Si atom ratio for the

attac hed ferrocene layer involves re l a ti ve XPES el emental sens iti v iti es as

establ i shed either experimentally with standard compounds or with theory.

The la tter involves the ratio OFe Af~e s il1°Si ~‘Si si]’ 
where a is the photo-

electron cross-section 13 and A is the escape depth for the respective element’s

photoelectrons in the ferrocene-silane layer. Using a model by Penn14 which

indicates that escape depths of photoel ectrons depend on kinetic energy

approximately as A c~ (K. E.) 0’75, the theoretical relative sensitivity

iFe 2p312)/[Si 2s] is calculated at 7.26. An experimental relative sensitivity

iFe 2p312)/[Si 2s) 
= 9.06 calculated from the standard compound in Tabl e II

agrees reasonably wel l with the theoretical value.

Application of the 9.06 relative sensitivity ratio to the ferrocene

electrode results yields an average atom stoichiometry of 0.26 Fe/Si. Although

this result is approximate , its deviation from the idea l 1/1 ratio is

sufficiently great to strongly suggest that the electrode surfaces are Fe-poor.

Perhaps oligomer i zation leads to expulsion of some ferrocene moieties , or

oligomerization becomes terminated (e.g., ul timate coverage for a particular

experiment achieved ) by formation of a Si-rich siloxane l ayer at the

ferrocene-solution interface. It is possibl e that this characteristic of the

ferrocene multilayer play s an Important role in the electrochemical properties .

L . _ _ _ _ _
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XPES of hydrolyzed samples of I qualitatively accord wel l with the XPES of

electrode surfaces derivatized wi th I in that the 1Fe~
’1Si ratios reflect l ower

than 1/1 Fe/Si ratios in the sample , Table II. The variation in the ‘Fe”’Si
ratios for the hydrolysis products suggests some inhomogeneity in the samples.

Elementa l analyses of hydrolysis products shows Fe/Si ratios in the range of

0.33-0.36 for three different samples but the C/Fe and C/Si ratios show

substantial variation reflecting complex hydrolysis processes. The main point

is that deliberate reaction of I with 1420 or with the el ectrode surface

results in Fe-deficient materia l and the electroactive materials attached to

such surfaces can not be strictly viewed as simple oligomers of ferrocenes

linked by -Si-U-Si- bonds.

One of the most interesting aspects of the data of Table I is the correlation

between the electrochemica lly-measure cl coverage and the ratio of XPES intensities 1:

• Fe/Pt and Fe/Au . For the purposes of the following discussion , Pt and Au are

identified as a c ommon electrode substrate element M; this is a reasonable

j assumption inasmuch as the kinetic energy of 4f photoelectrons from these two

materia ls is nearly identical. If the bonded ferrocene niultilayer is considered

a homogeneous , smoot h layer overcoat of th ickness d , the intensity of electrode

substrate H relative to that of an uncoated electrode of element M is ~ iiert by 
e ,  ( t ) .

II EXPi-d/A 14 .1 J (1)
M ~S1

where 
~M si

-
~ 

is the escape depth of the photoelectrons of N through the

ferrocene/silane overlayer. Another relationship which can be derived for this

layer model involves the relative intensities of ferrocene iron and £1 , eq. ( 6 ) .

IMCFefl FeA Fe,s11 
ExP[d/A M sil ’ 

- EXP [d/A M,si l _d/A Fe ,sil ] (2)

-__
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where ri is a toms/cm3 and A is escape depth for the Indicated el ement through the

indicated medium. The thickness of the ferrocene overlayer , d, Is related to

the molar (moles/cm 2 ) coverage by ferrocene through the average molecular weight

of the ininobilized ferrocene derivat ive and its intensity , eq. (3), where I’ is

d = 108(MW ) r/D511 (3)

molar coverage and D511 is the density of the ferrocene silane layer. We

will for the present identify the actual molar coverage of iron with the

electrochemically measured molar coverage.
lla ,12 1 15Previous papers have correlated electrochemical coverages with XPES

intensity ratios, but the situation represented by eq. (2) i s more complex

than these early cases , since the overlayer and the substrate elements are

different. This leads to escape depth and relative cross-section terms in

eq. (2) absent from the earlier situations.

Eq. (2) was compared to the Fe/Pt and Fe/Au i ntensity data of Tabl e I in

the followi ng manner. As an initial approximation , the extreme righthand term

of eq. (2) was set equal to zero , and a plot made of ln[IFe/IM] versus r ;

the resulting plot was reasonably linear. The intercept ,tln [OM
n
M
AM M /aFenFeA sjl]

was dissected using theoretical cross-sections for °M and °F ’  1 4.3 A for

• 
A M M’

13 and average 
~M 

= 6.3 x io22 atoms/cm3 for Pt and Au , and a calculated 14

= 13.9 A, from which 
~Fe = ~~~ x 1021 atoms/cm3. From this result ,

taking MW = 244 (C10H8SiO2Fe) a density of the ferrocene silane layer 0sil =

• 1.40 grams/cm3 is calculated . Considering that the density of ferrocene Itself

is 1.49 grams/cm3, and that measured for hydrol yzed I is 1, 61 grams/cm3, t h i s

- result is reasonable. The derived density is next employed with the plot ’s
• 0

slope to estimate AM s il = 37 A , frora which the extreme righthand term of

eq. (2) was next ca lculated as a correction factor (it proves to be nearly

negligible, ranging from 0.28 at low r to nearly zero at

high r ) and eq. (2) replotted . Figure 5 shows that the variation
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of relative XPES Fe/fl intensities correlates quite well with electrochemically-

determined coverage. Ferrocene silane thickness calculated from XPES data

with eq. ( 2 )  and from electrochemical coverages using eq. (3) and 1.4

are l isted in Table I.

Using the estim ate of =37A , values cf fërrocene-silane thickness d were also

calculated from eq. (1) and ~e listed in Table I. Considerinç t?iit tIe latter calculation

contains the uncertainty of comparing intensit ies measured on two separate

electrode specimens, the correspondence between two different XPES analyses of d ,

by eq. (1) and (2), i s quite sa ti sfac tory . Furthermore, a theoretical
0

calcula tion of the escape depth AM s il yields 26 A which considering the

accumulation of approximations made is in respectable agreement with the

exper imental val ue 37

Two interesting features emerge from this analysis of the experimental

data. First, apparent dimension s of the attached ferrocene silane overlayer

are quite large. According to the analysis of Table I,electrochemi stry on
the electrode with highest coverage corresponds to charge transfer through

well over 100 A of ferrocene—silane. It should be expected in such a situa-

tion that the perquisities for charge transfe r are stringent and require

both facile counterion mobility and a reasonably open structure. The de-

pendence of the electrochemical behavior on the counterion in a comparison

of perchiorate and tetraphenylborate3, and the variability of electrochemical

reversibility from preparation to preparation are consistent with this view.

Secondly, the correspondence of an electroch3mically measured quantity of

lèrrocene with a XPES-measured quantity of iron, Figure 5~ indicates that to at least

a first approximation all of the iron present Is ferrocene iron and that all

of the ferrocene iron is electroactive in the electrochemica l experiment. 
S

I

This assertion has , of course, limi tations wi th respect to the accuracy

of the data fit represented In Figure 5, plus the uncertainties associated
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with its assumption that the ferrocene-silane film has a uniform

thickness. XPES relations which assume simple forms of non—uniformi ty

(such as metal-exposing pores), when compared to equations (1) and (2),

show IM/IMO and 1Fe”M to be decreasingly responsive to film thickness

at larger pore areas and at larger thicknesses. Model calculations

indicate that effects of pores of area 10% of the total (causing ca.

30% error in d) could be accomodated within the data scatter. More extreme

porosity would appear to be ruled out.
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Figure Captions

Flgure 1. Cyclic voltamograms for Pt strip derivatized with I at 100 mV/sec in
CH3CN, 0.IM in-Bu4N)C104. A portion of the electrode was severed after each
scan and these three severed portions were shipped to Chapel Hill for surface
analysis. The differences in the integrated areas of the cyclic
vol taninograms were used to determine the coverage of electroactive material
on the severed por tions.

Figure 2. Cyclic voltaninograms CH3CN, 01M [n-Bu 411]C104 as a func ti on of scan
rate for the remaining portion of the electrode in Figure 1 (a) before sending
severed portions to Chapel Hill and (b) after receiving surface analysis
resul ts (6 weeks of storage in air). The cyclic voltaninograrns in (c) are for
one of the severed portions sent to Chapel Hill and returned to Cambridge
-6 weeks later as a control for the two portions subjected to surface —

ana lys i s.

L~~re 3. Fe 2p3,,2 (Curves 1-6) and Si 2s (Curve 7) XPES bands on electrodes
reacted with I and on polymerized I. Curve 1: Electrode C of Table I (256
counts! div .); Curves 2,7: Elec trode F (512 cts/div.); Curve 3: Electrode B
(512 cts/div.); Curve 4: l ,l’ -ferrocenedicarboxylic acid (512 cts./div.); Curves
5,6: pol ymerlzed I of Table II.

Figure 4. Au 4f XPES bands on Curve 1: Au with Au203 overlayer (2048 cts./div.);
Curve 2: untreated Au (4096 cts./div.); Curve 3: Au Electrode F of Tabl e I
(256 cts./div.); and Pt 4f XPES bands on Curve 4: oxidized Pt (1024 cts /div.);
Curve 5: untreated Pt (2048 cts./div.); Curve 6: Pt Electrode C of Table I
(2048 cts./div.).

fj~~re 5. Plot of Fe 2p312 and relative XPES intensities In rearranged
eq. (2 )  versus electrochemically measured coverage r , using parameters
XM,M 14.3 A , 

~‘Fe,sil • 13.9 A , >‘M,sil = ~ ~M 
6.3 x 1022 atom/cm3,

and 
~Fe 3.45 x 1021 atoms/cm3.

L - - -
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